Petunia vein-clearing virus (PVCV) is a plant pararetrovirus that has some features of retrotransposons. It encapsidates dsDNA and has isometric particles and inclusion bodies similar to those of caulimoviruses. The PVCV genome of 7205 bp has two large ORFs in the transcribed strand and a methionine tRNA primer-binding site in its 663-bp intergenic region. The N-terminal position of the large protein (126 kDa) encoded by ORF I has similarity to the movement protein of caulimoviruses. Toward the C-terminus of this same polyprotein are the two distinctive sequence elements [HHCC and DD(35)E] of the integrase function of retroviruses and retrotransposons. ORF II of PVCV encodes a protein of 125 kDa with domains for an RNA-binding element, common to the gag gene of retroelements, followed by consensus sequences for an acid protease, reverse transcriptase, and ribonuclease H. Hence, the gag equivalent (capsid protein) and pol gene of PVCV are part of the same polyprotein. Phylogenetic comparison of the reverse transcriptase of PVCV with that of various other retroelements grouped PVCV between caulimoviruses and the Ty3/gypsy retrotransposons, suggesting that PVCV is a divergent member of the caulimoviruses.
INTRODUCTION
transposons have led to suggestions that the viruses may be derived phylogenetically from these cellular elements The petunia vein-clearing virus (PVCV) is a possible (Xiong and Eickbush, 1990; Doolittle and Feng, 1992 ; caulimovirus (Lesemann and Casper, 1973 ) that exhibits Eickbush, 1994) . For example, two functions, the gag and some unusual biological properties. It is carried through pol cistrons, are prominent features of both retroid vithe germline of its host (Petunia sp.), for example, to a ruses and several types of transposable elements. The high proportion of the next generation (Richert, 1993) .
gag and pol genes specify the capsid proteins and the This is an unusual trait for a caulimovirus, although two DNA polymerases, respectively, of both viruses and retmembers of a related group of plant pararetroviruses, rotransposons. The LTR-containing retrotransposons, commelina yellow mottle virus (CoYMV) and Kalanchoe like the viruses, possess an intracellular particulate top-spotting virus are carried to 11 and 40%, respectively, stage associated with reverse transcription and the act of the progeny of infected plants (Medberry et al., 1990;  of transposition (Boeke and Corces, 1989) . The bulk of Hearon and Locke, 1984) .
reverse transcriptase activity occurs within the virus-like In contrast to the true retroviruses with virions that particles of the retrotransposon (Atwood et al., 1996) . In encapsidate RNA, the three known groups of pararetroviaddition, like the viruses, the LTR-containing retroruses, the caulimoviruses, badnaviruses, and hepadnavitransposons have a full-length RNA intermediate with ruses, have virions with encapsidated DNA. All these terminal repeats and a tRNA primer-binding site that parviruses use reverse transcription to synthesize their DNA ticipates in the reverse transcription process for minusintermediates, a process they have in common with retrostrand DNA synthesis. transposons. The retrotransposons are ubiquitous resi-
The main distinction between some types of retrodents of eukaryotic genomes that replicate indepentransposons and the true retroviruses is that the viruses dently during the process of transposition. Further struchave acquired other functions that enable them to be tural and functional similarities between the retroid externally transmitted and to initiate infections (Hull and viruses and the long terminal repeat (LTR) types of retroCovey, 1996) . Recently it was suggested that one of the LTR retrotransposons, the gypsy element of Drosophila melanogaster (Kim et al., 1994) , coexists as an infectious endonuclease (integrase) that catalyzes the integrative The DNA probes (virus-specific clones p16 and p13) were labeled with the BioNick Labeling System (GIBCO recombination of their DNA with the host genome. This function, which is generally part of the pol gene polypro-BRL). The molecular weight of the obtained restriction fragments was calculated with SigmaStat for Windows, tein, is not present in any of the pararetroviruses that have been examined. Moreover, of the pararetroviruses, Version 1.0 (Jandel Corporation, 1992 -1994 . only the hepadnavirus group is found with viral DNA Polymerase chain reactions in an integrated state in the host genome. The human hepatitis B virus (HBV), for example, is frequently found For the primer extensions Vent DNA polymerase (New in an integrated state in hepatic tissue of its host (reEngland Biolabs) was used according to the manufacturviewed by Koshy and Meyer, 1992) . Integration is not er's recommendations in a PTC-100 programmable therrequired for HBV replication, as it is for the retroviruses.
mal controller (MJ Research, Inc.) . About 250 ng of genoFurthermore, the HBV genome has no amino acid semic DNA was used as template. The sample was initially quence with recognizable core sequences of an integdenatured for 3 min at 94Њ and for 30 sec before each rase (Toh et al., 1985) .
of the 30 cycles. The primer was annealed at 58Њ for 1 In this investigation we have examined the genetic min and DNA was synthesized at 73Њ for 1 to 3 min organization of PVCV with the aim of accounting for some depending on the fragment length. of its unusual biological properties. We find that its genome, unlike that of other members of plant pararetrovi-DNA sequencing ruses, is organized into two large open reading regions For sequencing, directed deletions of the virus-specific and that one of these has the two distinctive genetic clones were produced by treatment with exonuclease III elements of the integrase domain found in retroviruses (Promega). The sequencing procedure was conducted and retrotransposons of the Ty3/gypsy type.
as described by Sanger et al. (1977) using the Sequenase Version 2 kit from U.S. Biochemicals Corp. or with a dye METHODS terminator DNA sequencer Model 373A from Perkin-Elmer using the Cycle Sequencing Ready Reaction kit with DNA extraction and cloning AmpliTaq DNA polymerase, FS (Perkin-Elmer). AutoViral DNA was isolated from infected plants by the mated sequencing was performed by the Macromolecumethod of Gardner and Shepherd (1980) as modified by lar Structure Analysis Facility at the University of Ken- Richins and Shepherd (1983) . For genomic DNA preparatucky (Lexington, KY). tions, 5-10 g of leaf tissue was extracted using the method of Rogers and Bendich (1988) .
Sequence analyses Isolated PVCV DNA was digested with EcoRI and Computer analyses of the sequences were made with cloned into a pGEM-3Zf(/) vector (Promega). Five differthe UWGCG Sequence Analysis Software Package, Verent clones were isolated by minipreparations of plasmid sion 6.1 (Devereux et al., 1984) or with the DNA Inspector DNA (Sambrook et al., 1989) . Three clones, designated IIe, Version 3.16 (Textoo, Inc., 1984 . For similarity p11, p13, and p16, were determined to be virus specific searches the deduced amino acid sequences were subin Southern hybridization tests with isolated PVCV DNA.
mitted to the nr (nonredundant PDB, SwissProt, PIR, The remaining viral sequence was obtained by cloning SPUpdate, Genpept, and GPUpdate) data base of the of PCR products with the Prime PCR Cloner kit from 5 National Center for Biotechnology Information using the Prime-3 Prime. Primer pairs, based on sequences at the BLASTP program (Altschul et al., 1990) . For sequence 5 and 3 ends of the p11 and p13 clones, were designed alignments plant pararetroviruses and selected mem-( Fig. 2A) , and PCR with DNA isolated from PVCV-infected bers of the Ty3/gypsy subgroup of LTR retrotransposons petunia was performed. Oligonucleotides 16a and 16b, were chosen. The caulimovirus group encompasses cauprepared for a different purpose, were used to obtain the liflower mosaic virus (CaMV; Pique et al., 1995) , cassava extensions of the p16 clone ( Fig. 2A) .
vein mosaic virus (CVMV; Calvert et al., 1995) , carnation etched ring virus (CERV; Hull et al., 1986) , figwort mosaic Southern hybridizations virus (FMV; Richins et al., 1987) , strawberry vein banding virus (SVBV; Petrzik et al., 1996) , peanut chlorotic streak Several preparations of extracted viral DNA were pooled and aliquots were taken for incubation with differvirus (PClSV; Richins, 1994) , and soybean chlorotic mottle virus (SoyCMV; Hasegawa et al., 1989) . The badnavirus ent restriction enzymes. The digested DNA was separated in a 1% agarose gel and blotted on a nylon memgroup contains the sequences of CoYMV (Medberry et al., 1990) , rice tungro bacilliform virus (RTBV; Kano et al., brane overnight (Sambrook et al., 1989 al., 1993). As members of the Ty3/gypsy retrotransposon mately 1600, 1300, and 1100 bp, were designated p16, p13, and p11, respectively. These three clones were found to hybridize to viral DNA. Several attempts to clone the entire viral genome, after SacI digestion, or the 2700-bp EcoRI fragment were not successful. Consequently, we used a PCR method with total DNA from PVCV-infected petunia as template to clone the remainder of the viral genome. With this approach the need to use supercoiled viral DNA as template to avoid the single-stranded interruptions of virionderived DNA which block DNA amplification during PCR arose.
FIG. 1. Southern hybridization reactions of extracted PVCV DNA us-
Primers for PCR were designed from sequence data ing the p16 clone of the viral genome as a labeled probe. Extracted viral DNA was cleaved with various restriction endonucleases before obtained from the p16, p13, and p11 clones. With the separation in 1% agarose gel followed by hybridization to the labeled primer pairs 16a-13a (clone p16a-13a), 13b-11a (clone p16 clone. A DNA marker of a partially redundant clone of peanut p13b-11a), and 11b-16b (clone p11b-16b) ( Fig. 2A) , we chlorotic streak virus (pDUC70; Ducasse, 1991) which generated fragwere able to clone the missing EcoRI fragment of 2700 ments with sizes of 7800, 2900, 2700, and 60 bp after digestion with bp as a portion of clone p13b-11a and the linking seEcoRI was used. In addition PVCV DNA cut with EcoRI to give the 1600-bp fragment was used as marker. (1) AflII digest of PVCV, (2) quence of the p16 and p13 clones as a portion of clone
p16a-13a. We found the 1100-and 1600-bp fragments (10) SacII, (11) SalI, (12) SphI, (13) XbaI, and (14) XhoI. The arrow were joined by an EcoRI site ( Fig sequence of the PCR clone p11b-16b.
Southern hybridization analysis with isolated viral DNA confirmed that restriction fragment sizes of authentic viral family, TED of Trichoplusia ni (Friesen and Nissen, 1990 ), 17.6 of D. melanogaster (Saigo et al., 1984) , Ty3 of Sac-DNA corresponded to those predicted from the PVCV sequence. This was established for those segments that charomyces cerevisiae (Hansen et al., 1996) , Tf2 of Schizosaccharomyces pombe (Weaver et al., 1993) , MAGGY
were not cloned directly from isolated viral DNA ( Fig. 2A) . The p16 and p13 clones were used as nonradioactive of Magnaporthe grisea (Farman et al., 1996) , and Cer1 of Caenorhabditis elegans (Britten, 1995) were chosen.
probes in these experiments. The p16 probe revealed fragments of about 720 and 2670 bp generated by EcoRV Amino acid sequences were aligned by CLUSTAL W (Thompson et al., 1994) and in the case of the reverse digestion of viral DNA, whereas 735-and 2690-bp fragments were estimated from the sequence (sites at nt transcriptase region the obtained alignment was used to construct a phylogenetic tree. For the latter the following 162, nt 511, nt 3941, and nt 4676) (Fig. 1) . The p13 probe revealed a fragment of about 4780 bp generated by XbaI, PHYLIP (phylogeny inference package) Version 3.5c programs were used (Felsenstein, 1993) : protdist, neighbor, whereas a 4720-bp fragment was expected from the sequence data (sites at nt 5626, nt 5656, and nt 3171). This seqboot, and consense. stretch of sequence spanned the entire region of the EcoRI 2700-bp fragment ( Fig. 2A) . The p16 probe de-RESULTS tected the shorter of the two largest XbaI fragments (sites DNA cloning at nt 3171, nt 5626, and nt 5656). The Southern blot revealed a fragment of about 2430 bp generated by XbaI, Conventional procedures for caulimovirus virion DNA isolation (Richins and Shepherd, 1983 ) typically yielded whereas a 2455-bp fragment was predicted from the sequence (Fig. 1) . In other experiments using DNA from an amount of DNA just sufficient for visualization by ethidium bromide staining after electrophoretic separa-PVCV-infected Nicotiana glutinosa, a fragment of about 2700 bp was detected after EcoRI digestion when the tion of the DNA in agarose gels. Generally two components of the DNA were obtained, which corresponded in p13b-11a clone was used as a probe. The restriction digests ( Fig. 1) confirmed that viral DNA has no cleavage behavior to the linear and open circular forms of caulimoviral DNAs (Menissier et al., 1983) . Digestion of the sites for ClaI, KpnI, NdeI, SacII, SalI, or XhoI and has single cleavage sites for SacI and BstEII. DNA with SacI removed the slowest migrating band in 1% agarose gels, which is probably open circular DNA (form I). Restriction mapping indicated that this enzyme DNA sequence cuts the PVCV genome at a single site (Fig. 1) .
Portions of the PVCV genome were cloned after digesThe PVCV genome consists of 7205 bp (Accession No. U95208 at GenBank). It is smaller than the genomes tion of viral DNA with EcoRI which revealed fragments of approximately 2700, 1600, 1300, and 1100 bp when from most other plant pararetroviruses (Shepherd, 1994; Lockhart and Olszewski, 1994) and is almost 1 kb smaller separated in an agarose gel. Three clones, of approxi- Oligonucleotides (11a, 11b, 16a, 16b, 13a , and 13b) were used to obtain intervening sequences by PCR. Connecting sequences for p11 and p16 were obtained with primer pair 11b-16b resulting in the production of clone p11b-16b; connecting sequences for p16 and p13 were obtained with primer pair 16a-13a resulting in the production of clone p16a-13a; connecting sequences for p13 and p11 were obtained with primer pair 13b-11a resulting in the production of clone p13b-11a. than the DNA of CVMV (Calvert et al., 1995) . Of the plant DNA (Richins et al., 1987) and may serve as primerbinding sites for plus-strand synthesis. pararetroviruses, only CSSV, a badnavirus, is as small, with 7161 bp (Hagen et al., 1993) .
A large region of 663 bp which does not code for Coding regions protein exists in the PVCV genome. Within this noncoding
The deduced amino acid sequence of PVCV revealed region a putative binding site (TGGTATCAGAGCCA, nt two large ORFs and one smaller ORF (Table 1 ). The latter 1-14) for the cytosolic plant methionine tRNA was identi-(ORF III) was located entirely within ORF I but in a differfied. The 5-end of this putative priming site for minusent reading frame (02). The amino acid sequence of ORF strand DNA replication was used as the origin in number-III (13 kDa) was not related to any others in data bank ing the positions of the PVCV genome. The intergenic searches. region extended from nucleotide 6589 to nucleotide 47.
Three ORFs with a protein-coding capacity of more A putative TATA box (TATATAA, nt 6877) was found within than 10 kDa are located on a single strand of viral DNA, the intergenic region in a position expected for a transuggesting that only that strand is transcribed to RNA. On scriptional promoter for a possible full-length transcript the putative minus strand of PVCV only ORFs encoding of the viral genome. Upstream of the TATA box the seproteins smaller than 9 kDa were identified. quence TGATGTAAGTGCTTACGTCT (nt 6839-6855)
The start codon of ORF II (ATG, nt 3362-3364) shares showed obvious resemblance to the enhancer element as-1 of the 35 S promoter of CaMV (Lam et al., 1989) and the ocs element of the promoter of the Agrobacterium ist near the single-stranded discontinuities of plus-strand which starts 57 residues downstream, extends over a stretch of 100 residues and is referred to as the DD (35) (Saigo et al., 1984) . HIV-1, N-terminus of the product of ORF II (Fig. 2B ). This zinc human immunodeficiency virus (Khan et al., 1991) . del, retrotransposon from Lilium henryi (Smyth et al., 1989 pararetroviruses (Covey, 1986) .
b Amino acid residues 349 to 384 in ORF I of PVCV.
In PVCV, like in most other plant pararetroviruses, a c Amino acid residues 448 to 542 in ORF I of PVCV.
coding region for a putative aspartic acid protease was located downstream of the RB domain (Fig. 2B ). The percentage of identical amino acids in this region of sequences (in italics) with the stop codon of ORF I (TGA, the PVCV genome compared to that of CaMV was 43% nt 3363-3365), a common feature of the junction be- (Fig. 4C ). tween genes of caulimoviruses (Hull et al., 1986) and the badnaviruses RTBV and CSSV (Hagen et al., 1993; Qu et al., 1991; Hay et al., 1991) .
Sequence comparisons
The deduced amino acid sequences of ORF I and ORF II were submitted to data bank searches with the BLASTP program (Altschul et al., 1990) of the National Center for Biotechnology Information. The N-terminal region of ORF I showed homology to certain family I movement proteins of other plant viruses (Koonin et al., 1991) . This family of proteins comprises the transport function proteins of several virus groups, capillo-, tricho-, and also the geminiviruses, which have bipartite genomes. The PVCV putative movement protein domain had the greatest degree of relatedness (p Å 4.5e
07
) to gene I of FMV (Richins et al., 1987) , followed by the movement protein of CERV (Hull et al., 1986) and CaMV (Pique et al., 1995) . Amino acid 147 to 218 of ORF I of PVCV (Fig. 4A) showed 51% similarity to the FMV as well as the CERV movement protein and 50% similarity to that of CaMV. In this stretch the extent of identical amino acids was 38% for the FMV protein, 33% for the CERV protein, and 33% for the CaMV protein. Figure 4A shows an alignment of these putative intercellular transport proteins with their conserved Gly and Asp residues (Koonin et al., 1991) .
Toward the C-terminus of the large protein encoded by ORF I two sequence elements occur that bear striking 
FIG. 4-Continued
Significant relatedness was found in the 200-residue Felsenstein (1993) to estimate the topology of phylogenetic trees. As expected the unrooted consensus tree segment of ORF II comprising the putative RT region downstream of the protease domain of PVCV. Within this branched into three different main groups consisting of Ty3/gypsy retrotransposons and caulimo-and badnavistretch the amino acid sequence of PVCV was 43% identical to that of CaMV and was 33% identical to the B gene ruses. This corresponds with the results of Eickbush (1994) . Within the Ty3/gypsy subgroup four separate of the Ty3 retrotransposon of yeast. An alignment of this domain of all plant pararetroviruses and selected retrobranches of Tf2/MAGGY, Ty3, TED/17.6, and Cer1 were distinguished. All sequenced plant pararetroviruses are transposons with significant scores (p Å 7.5e 033 ) is shown in Fig. 4E . Typical consensus sequences for RT included in the analysis. For the caulimoviruses three clusters consisting of CaMV/CERV/FMV, SVBV, and (Eickbush, 1994) were identified. Motifs 2-7 with the invariant amino acids Arg in motif 2; Asp, Gly, and Phe in PClSV/SoyCMV were observed. The badnaviruses were subdivided into CoYMV/SCBV and CSSV groups. The motif 3; Pro, Gly, and Pro in motif 4; Tyr, Asp, and Asp in motif 5; Gly and Lys in motif 6; and Leu and Gly in motif placement of the distinct caulimoviruses PVCV as well as CVMV and the badnavirus RTBV as separate branches 7 as defined by Xiong and Eickbush (1990) were covered by the alignment shown (Fig. 4E) . Additionally we inwithin the main groups was not supported by bootstrapping. Therefore, each of these viruses was placed on an cluded 42 amino acids downstream of motif 7 with the invariant amino acids Leu and Gly (Fig. 4E) . isolated branch as indicated in Fig. 5 . The putative RNase H domain of PVCV showed 50% identity to the corresponding region of CaMV gene V and DISCUSSION 29% identity to the similar region of retrotransposon 17.6 of D. melanogaster. Figure 4D shows alignment of this PVCV has virions and inclusion bodies of the unique type associated with caulimoviruses (Lesemann and stretch of 130 amino acids that illustrates the distribution of invariant amino acids in the four major motifs as deCasper, 1973) . In addition, infected plants contain small DNA molecules of two conformational forms with approxscribed by McClure (1993) .
The alignment of consensus sequences for reverse imate sizes corresponding to those of caulimoviruses. The estimated size and circularity of viral DNA has been transcriptase was used to construct a phylogenetic tree in order to further compare PVCV with both viral and confirmed by cloning and sequencing the entire genome as overlapping fragments. Sequence analysis identified nonviral retroelements (Fig. 5) . Phylogenetic analysis was performed using the distance matrix principle. Since a purine-rich region at nucleotide 3048 which might indicate the occurrence of a single-strand discontinuity on this method produced two possible tree structures, the bootstrapping procedure was used to generate a conthe plus strand of PVCV DNA. From caulimoviral DNA it is known that the gaps on the plus strand were accompasensus tree. Bootstrapping, a nonparametric statistical procedure, was introduced in phylogenetic analysis by nied by purine-rich regions.
with multiple domains. The latter include consensus sequences for reverse transcriptase and RNase H as well as the viral capsid protein (Kano et al., 1992) . The large cistrons of PVCV are arranged in tandem with a fused stop-start codon at the junction between the ORFs. In this respect the PVCV genome resembles that of most caulimoviruses. A linear array of coding regions with a sequence of shared nucleotides between genes is a common feature of these viruses (Hull et al., 1986) and may be important for coupled translation of polycistronic mRNA.
The presence of the core sequences for an IN function, encoded by ORF I of PVCV, is unexpected in a plant pararetrovirus such as PVCV since none of these viral DNAs are known to become integrated into their host plant genomes. The occurrence of IN elements on a polypeptide other than the pol gene is also unusual. Generally the IN domain is near the C-terminal of the pol gene polyprotein of the retroviruses and certain retrotransposons. However, in Ty1/copia-type retrotransposons IN is upstream of the RT domain (Boeke and Corces, 1989) . The IN protein of the retroviruses and retrotransposons is known to be the only protein required for the integration We have preliminary evidence (Richert-Pöggeler et al., 1996) that the PVCV genome may be a covalent component of cellular DNA of Petunia sp. In Southern blot analyThe genetic organization of the PVCV genome parallels that of the caulimoviruses or badnaviruses in some ses with DNA from healthy and infected Petunia hybrida a virus-specific probe reacts with a high molecular weight, respects, but differs in others. For example, regions of the genome that encode proteins occur on one strand, slowly migrating component as well as an episomal (viral) component in agarose gels. The slowly migrating the presumed minus strand, which is probably the only strand transcribed to RNA. The presence of a sequence component was also present in the DNA of healthy Petunia but the episomal component was not. In PVCV-incomplementary to a segment of initiator methionine tRNA on the putative plus strand is a feature common to all fected N. glutinosa inoculated by grafting of infected petunia to healthy N. glutinosa, only the episomal compocaulimo-and badnaviruses. This short run of nucleotides of the plus strand is the probable primer-binding site nent was present. These observations plus the presence of consensus for initiation of minus-strand DNA synthesis by reverse transcription.
sequences for IN suggest PVCV may exist both as a transmissible caulimovirus and as a retrotransposon in The most unusual feature of the PVCV genome is its gene arrangement and inferred expression strategy the petunia genome. However, we have not been able to test whether PVCV has the potential to integrate into which differ from other caulimoviruses. Its coding regions are arranged as two large ORFs that apparently encode the petunia genome because both of the examined petunia species (P. hybrida and P. axillaris) reacted with the polyproteins with multiple domains for enzymes and structural proteins. These precursor polypeptides probaviral probe in Southern hybridization. At least one of the LTR retrotransposons of D. melanobly undergo proteolysis to produce active viral proteins. In contrast the genes of caulimoviruses (6-8 in number) gaster also has the capacity to function as an infectious retrovirus (Kim et al., 1994) . First discovered as a retroencode smaller proteins probably for a single function except for the pol gene (encoded by gene V) which has transposon of the gypsy type, it has recently been found to be transmissible via injected egg plasm of embryos core sequences for three enzymes. The badnaviruses have both types of cistrons. One cistron common to these which are actively transposing the gypsy element. This transposing element is unlike most others of the gypsy viruses specifies a large 194-to 215-kDa polypeptide
